Rationale: Colder temperatures have been shown to increase hospitalization and mortality rates in adults with chronic obstructive pulmonary disease (COPD) and cardiac disease. Seasonal influences on exacerbation rates in adults with severe COPD but without significant cardiovascular disease are unclear. In addition, regional variations in COPD exacerbations in North America have not yet been explored.
Chronic obstructive pulmonary disease (COPD) is one of the world's leading causes of morbidity and mortality and a significant cost to the current healthcare system (1, 2) . Exacerbations of COPD have been associated with increased mortality and poorer quality of life (3) (4) (5) , and much effort has been made to identify and prevent exacerbations. Studies have shown that factors such as low body mass index (BMI) and forced expiratory volume in 1 second (FEV 1 ), smoking status, respiratory infections, and comorbid conditions contribute to worse disease outcomes and more frequent exacerbations.
A few population-based reviews have previously described potential seasonal influences on COPD exacerbations and mortality (6) (7) (8) (9) . Studies by Jenkins and colleagues (10) and Rabe and colleagues (11) used data from Toward a Revolution in COPD Health (TORCH) and Prevention of Exacerbations with Tiotropium in COPD (POET-COPD) trials, respectively, to show an increased frequency of COPD exacerbations and hospitalizations during winter months. However, these studies were pharmacologic clinical trials that had more restrictive participant populations and included few subjects on current oxygen therapy or with very severe COPD. These studies also included subjects from many different countries, with less homogeneous control for confounding factors. A review paper by Donaldson and Wedzicha (12) also summarized the negative relationship between temperature and COPD morbidity. However, there are limited data on the effects of seasonality and regional variability in adults with severe COPD.
Another factor that clouds the association between seasonality and COPD exacerbations is the presence of comorbid cardiovascular disease (13) (14) (15) . The seasonal influence of cardiovascular hospitalizations has been reported, with significantly higher rates of myocardial infarction present in the winter months (16) (17) (18) (19) . It is also known that cardiovascular disease contributes to hospitalization of adults with COPD, both independently and in association with respiratory symptoms (13, 15) . Hole and colleagues showed an inverse relationship between FEV 1 and death due to ischemic myocardial disease and stroke (20) . Sin and colleagues also showed that subjects with worse airflow obstruction had an increased prevalence of myocardial infarction (14) . Heightened systemic inflammation present in both COPD and cardiovascular disease likely plays an important role in this relationship (21) (22) (23) . In addition, concurrent decompensation of heart failure and volume shifts can present as dyspnea in these subjects. Elevated levels of cardiac markers, such as troponins and pro-brain natriuretic peptide are associated with worse mortality in adults with COPD (24) . It is difficult to disentangle these two diseases when studying COPD morbidity outcomes, and the impact of seasonality in those with severe COPD but without cardiovascular disease has not been reported.
This study aims to determine seasonal and regional effects on COPD morbidity and mortality in those without cardiovascular risk factors using data from two large randomized controlled trials designed to assess COPD exacerbations. We hypothesize that colder seasons are associated with increased exacerbations and death.
Methods

Study Design
Data on participants from the Simvastatin in the Prevention of COPD Exacerbations (STATCOPE) study and the placebo arm from the Azithromycin for the Prevention of Exacerbations of COPD (MACRO) study without significant cardiovascular risk factors were used for analysis (25, 26) . Participants had a clinical diagnosis of moderate to severe COPD, with greater than 10 pack-year smoking history, and had to be on supplemental oxygen or have had an exacerbation within the year before enrollment. A total of 1,934 participants, 1,049 in the MACRO study and 885 in the STATCOPE study, were screened. Subjects in the treatment arm of the MACRO study were excluded, as the treatment significantly decreased exacerbation rates. The presence of cardiovascular risks was calculated using the Adult Treatment Panel III. Subjects requiring statin therapy or with 10-year coronary heart disease risk greater than 20% were excluded, as was done in the STATCOPE trial (25) . Subjects were also excluded from the study if Adult Treatment Panel III score could not be calculated. In total, 1,175 subjects were included for the analysis (see Figure E1 in the online supplement).
Subjects Meteorological definition of season reported by the National Oceanic and Atmospheric Administration was used to identify each season in 3-month periods (27) . Winter included December to February, spring included March to May, summer included June to August, and fall included September to November.
The primary outcome of the study was rate of COPD exacerbation. Exacerbations were defined by an increase in severity or new onset of two or more respiratory symptoms (cough, sputum, wheezing, dyspnea, or chest tightness) and requiring treatments with systemic steroids or antibiotics for 3 or more days (26, 28, 29) . Poisson regression model was used to estimate rates and rate ratios, and a multivariable model was used to adjust for BMI, age, sex, FEV 1 % predicted, and current oxygen use status.
Secondary outcomes included severity of exacerbations, mortality, antibiotic or steroid use, and time to first exacerbation in each region and season. Exacerbation severity was based on treatment location, with mild exacerbations treated at home, moderate exacerbations resulting in emergency department visits, severe exacerbations requiring hospitalization, and very severe exacerbations requiring intubation and mechanical ventilation in the intensive care unit (25) . Percentages of
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antibiotics only, steroids only, and combined antibiotic and steroid use in each season in different regions were also assessed.
A subgroup analysis correlating frequency of exacerbations and prevalence of positive flu tests in each year was performed in those subjects with at least one exacerbation and in the U.S. regions. Data for prevalence of flu in the United States was obtained from Centers for Disease Control and Prevention (30) .
Statistical Analysis
Exacerbation rates were calculated using the number of exacerbation in months divided by the total number of person-months recorded for each season. The rate ratio of exacerbations in the different seasons compared with summer was calculated using the Poisson regression model. Analysis was performed for all regions combined and for each individual region. Seasonal and regional interactions were assessed using the Poisson regression model as well.
The distributions of severity of exacerbation and all-cause mortality were calculated using the number of each exacerbation severity or death during each season over the total number of exacerbations or death.
Univariate comparisons of baseline characteristics and outcomes were conducted using an analysis of variance for continuous variables and a chi-square test for categorical variables. A logistic regression model that included season, ORIGINAL RESEARCH region, age, sex, race, BMI, FEV 1 % predicted, and smoking and oxygen use status at enrollment was used to perform an adjusted analysis of COPD exacerbation. Log-rank tests were used to compare all-cause mortality and time to first exacerbation among different regions and seasons and illustrated using Kaplan-Meier survival curves. Statistical significance was declared if the P value was less than 0.05.
Statistical analysis was performed using STATA14.0 and SAS 9.4.
Results
Participant Characteristics
A total of 1,175 participants were included in the study for analysis (Figure 1 
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pack-years) of smoking. Fifty percent of participants were on supplemental oxygen at enrollment. There were significant regional differences in baseline FEV 1 % predicted, BMI, race, current smoking history, and use of oxygen (Table 1) .
Outcomes
Primary outcome. There were a total of 2,179 exacerbations in 787 subjects. The overall rate of COPD exacerbations was higher in the winter (0.13 events/personmonth) than in the other seasons (spring: 0.11 events/person-month; summer: 0.08 events/person-month; fall: 0.10 events/ person-month) when all regions were combined (P < 0.001) (Figure 2 ). There was some regional variability in this relationship, but the effect was statistically significant in most regions (Figure 2 ). The rate ratios of COPD exacerbations were significantly higher in the spring, fall, and winter than in the summer ( Table 2 ). The severity of COPD exacerbations also varied significantly in the different seasons and regions. Even though exacerbations occurred less frequently in the summer, they tended to be more severe than exacerbations that occurred in the other seasons. Forty-three percent of exacerbations were moderate to very severe in the summer compared with 34.8%, 32.1%, and 31.9% in the spring, fall, and winter, respectively (P = 0.001). The total number of severe to very severe exacerbations remained similar throughout the seasons compared with mild to moderate exacerbations. This difference was especially notable in the Northeast, Southeast, Upper Midwest, and Great Lakes regions ( Figure E3 ).
The percentages of subjects receiving steroid only, antibiotic only, and both steroid and antibiotic treatments were calculated for the varying exacerbation severities in each region. There were no significant differences in medication prescription patterns in the different seasons. Most subjects with mild exacerbations received both antibiotics and steroids (50.5%) compared with antibiotics only (33.6%) or steroids only (15.9%). There was a greater proportion of subjects receiving combined antibiotic and steroid treatment as the severity increased (P = 0.001).
Deaths occurred more frequently in the spring and the winter (33.8% and 30.9%) than in the summer and the fall (20.6% and 14.7%), correlating with the patterns observed with the rates of exacerbations ( Figure E4 ).
Time to first exacerbation was also assessed from the time of enrollment in each region and season. There was significant seasonal variability for time to first exacerbation within 90 days after enrollment (P , 0.01). Statistically significant regional variability in the time to first exacerbation was also present (Figure 3 ). Southeast and West climate regions had significantly longer median times to first exacerbation (350 and 342 d, respectively) compared with other climate regions (184 d) (P = 0.001).
Subgroup analysis of subjects with at least one exacerbation and the U.S. regions showed that the frequency of exacerbations correlated with changes in flu prevalence ( Figure E4 ). Definition of abbreviations: CI = confidence interval; RR = rate ratio. Each season was defined as follows: winter (December to February), spring (March to May), summer (June to August), and fall (September to November). RR is adjusted for age, sex, forced expiratory volume in 1 second, oxygen use, smoking status, and body mass index
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Our study illustrates significant seasonal and regional variability in the rates and severity of COPD exacerbations in those without significant cardiovascular disease. This finding is especially important because cardiovascular disease is an independent risk factor for mortality and hospital admissions in colder seasons (8, 16-19, 31, 32) . Admissions for COPD exacerbations are often due to combined respiratory and cardiac etiology, and heightened systemic inflammation in these diseases likely plays a role in worsening the cardiopulmonary status in those with COPD (14, 15, 33) . In fact, low FEV 1 is associated with all-cause and cardiovascular mortality, stroke, and atrial fibrillation (13, 14, 34) . Therefore, it is very difficult to independently study the effects of seasonality without separating the comorbid conditions. Our study is unique in that we effectively excluded those with significant cardiovascular disease in adults with COPD and thereby provide epidemiologic control to assess effects seasonality may have on COPD exacerbations. Many of the prior studies that examined the seasonal influences on COPD exacerbation rates were retrospective analyses of pharmacologic studies and included subjects with less severe disease and followed for a shorter duration. For example, the POET-COPD trial, which was designed to study the effects of tiotropium compared with those of salmeterol in adults with COPD over a 1-year follow-up period, showed a twofold increase in COPD exacerbations and greater all-cause mortality during winter months compared with those during summer months (11) . Data from the TORCH study, designed to study the effects of salmeterol-fluticasone propionate combination in participants with COPD, showed a higher prevalence of exacerbations in winter months and that older age, lower FEV 1 % predicted, and prior exacerbations portended increased exacerbation frequency (10) . Both studies included participants from more than 25 countries, making it difficult to account for confounding regional variables. Participants were also followed for a significantly shorter period compared with our study. Singlecenter data from the London COPD cohort showed an increased occurrence and duration of COPD exacerbations in colder months (9) . Our study population comprised adults with more severe COPD, with a greater percentage of participants requiring oxygen and having lower FEV 1 % predicted and with a history of exacerbations 1 year before enrollment. Such subjects are often more prone to and negatively affected by recurrent exacerbations, and identification and prevention of risk factors contributing to exacerbations are especially important in this group. Our group of subjects also represented various climate regions throughout North America and included data that spanned a period of more than 9 years. This helps to better assess regional differences and minimize any potential bias from year-to-year variability in climate and respiratory pathogen prevalence.
Our study also showed significant regional differences in COPD exacerbation rates (Figure 2 ). Greater differences in rates were seen in the Northeast, Southeast, and Upper Midwest regions. The reasons for this are unknown, but the potential effects of humidity and precipitation in the coastal regions on respiratory symptoms, as well as a potential role of indoor and outdoor pollution, may be important. Further analysis of climate, including humidity and precipitation data in the different regions, will help better characterize the regions and potentially shed light on the effects of weather on exacerbation rates.
Even though the exacerbations occurred less frequently in the warmer months, the exacerbations tended to be more severe than those occurring in the winter. This was especially striking in the Northeast, Southeast, Upper Midwest, and Great Lakes, where more than 50% of exacerbations in the summer were moderate to very severe exacerbations. One possible explanation for this finding is that exacerbations in the winter months are triggered by respiratory infections that had potentially fewer consequences for the participants. Prior studies have shown that COPD exacerbations are often triggered by viral infections (35) (36) (37) (38) (39) . In fact, our subgroup analysis looking at the prevalence of flu reported by the U.S. Centers for Disease Control and Prevention (30) in those with at least one exacerbation showed a relationship between increased prevalence of flu and an increase in exacerbation rate ( Figure E5 ). We postulate that exacerbations in the summer occurred in those with more severe disease who are prone to more frequent exacerbations because of significant underlying lung disease, independent of the exposure to infectious pathogens. Humidity, air pollution, exposure to indoor air conditioning, and changes in activity patterns may all have contributed to the type of exacerbations these adults with COPD experience (22, 40) .
One of the limitations of our study is that many participants were excluded from the initial screening because of inability to retrospectively assess cardiovascular risk factors. However, this exclusion ensured that those who were included in the study represented adults with COPD without comorbid cardiovascular disease. Even ORIGINAL RESEARCH though we have excluded regions with fewer than 35 subjects, certain regions, such as the Great Lakes (n = 99), had fewer participants than other regions, such as the Northeast (n = 419). This may limit our ability to detect seasonal effects in those regions with fewer subjects. In addition, our study used location of treatment to categorize the severity of exacerbations. Although this severity definition has been used in many prior clinical trials, including those by Albert and colleagues (26) and Criner and colleagues (25) , other definitions have been used in other studies, such as medication or symptom changes, and may present different severity outcomes.
In conclusion, there is a clear regional, as well as seasonal, variability in rates, severity, and time to first COPD exacerbation in adults with COPD without cardiovascular risk factors in North America. To our knowledge, no other study has effectively controlled for cardiovascular disease in assessing seasonal and regional variability in COPD exacerbations. This study is a stepping stone to further characterizing climate and environmental factors, as well as regional access to care, that may play a role in rates and severity of COPD exacerbations. Further analysis must be performed to better characterize these regions and subject characteristics. n
